Identifying the pathways contributing to local field potential (LFP) events and oscillations is essential to determine whether synchronous interregional patterns indicate functional connectivity. Here, we studied experimentally and numerically how different target structures receiving input from a common population shape their LFPs. We focused on the bilateral CA3 that sends gamma-paced excitatory packages to the bilateral CA1, the lateral septum, and itself (recurrent input). The CA3-specific contribution was isolated from multisite LFPs in target regions using spatial discrimination techniques. We found strong modulation of LFPs by target-specific features, including the morphology and population arrangement of cells, the timing of CA3 inputs, volume conduction from nearby targets, and co-activated inhibition. Jointly they greatly affect the LFP amplitude, profile, and frequency characteristics. For instance, ipsilateral (Schaffer) LFPs occluded contralateral ones, and septal LFPs arise mostly from remote sources while local contribution from CA3 input was minor. In the CA3 itself, gamma waves have dual origin from local networks: in-phase excitatory and nearly antiphase inhibitory. Also, waves may have different duration and varying phase in different targets. These results indicate that to explore the cellular basis of LFPs and the functional connectivity between structures, besides identifying the origin population/s, target modifiers should be considered.
Introduction
Despite constituting a reduced fraction of total brain activity (Bullock et al. 2003) , network oscillations underlie important computational mechanisms related to the timing of inputs and the formation of neuron assemblies. Each neuron population participates in various cognitive and behavioral processes by routing its output to several brain regions. Such spreading of seemingly similar information may be traced over time and space by studying the compound postsynaptic currents that generate local field potentials (LFPs) in target areas (Elul 1971; Nunez and Srinivasan 2006) . However, the extension of the electric field far away from the neurons generating the current causes a broad spatial overlap of contributions from different origin populations. This challenges the question whether correlated LFPs in different regions reflect synaptically connected populations (Eckhorn et al. 1988; Bressler et al. 1993; Roelfsema et al. 1997) or whether they are due to a common driving population (Chawla et al. 2001; Rajagovindan and Ding 2008) . Previous theoretical and experimental studies described multiple factors that affect the amplitude and spatial extension of LFPs, such as the cytoarchitecture of postsynaptic cells and the 3D configuration of synaptic territories (Lindén et al. 2011; Fernández-Ruiz et al. 2013; Benito et al. 2014) . It is therefore intuitive that the same output of a neuron population may produce essentially different LFPs in distinct target structures.
We sought evidence for this inference by comparing the LFPs produced by the main targets of a single population of neurons, the hippocampal CA3 pyramidal population (Swanson et al. 1981) : the ipsi-and contralateral CA1 regions, the lateral septum (LS), and the CA3 itself. The CA3 is an important bilateral hub where ascending pathways and cortical information meet (Vinogradova 2001) . The CA1 receives bilateral CA3 projections in similar but not identical synaptic territories (Blackstad 1956; Laurberg 1979) , conveying an elaborated output to the cortex that is required for spatial navigation and sensory processing. The CA3-LS projection provides hippocampal feedback that regulates sensory input and the theta rhythm and participates in anxiety and reward (Pedemonte et al. 1998; Takamura et al. 2006; Chee et al. 2015) . Importantly, it terminates on interneurons with a cytoarchitecture entirely different to hippocampal pyramidal cells (Panula et al. 1984) . Finally, the auto-associative CA3 network has been proposed to participate in pattern completion and gamma generation (Csicsvari et al. 2003; Le Duigou et al. 2014) . Thus, the CA3 output is sent to both architectonically similar (ipsi-and contralateral CA1) and different (CA1, CA3 and LS) regions.
CA3 assemblies send excitatory packages in regular succession that produce bouts of gamma-paced LFPs in the CA1 (Fernández-Ruiz et al. 2012a,b) . The very same ongoing input arrives to all CA3 targets since 1) the CA3 region is antidromically driven from all of them and 2) the targets display monosynaptic evoked potentials (EPs) and unit firing upon electrical stimulation of the CA3 or the fimbria (DeFrance et al. 1973; McLennan and Miller 1974; McNaughton and Miller 1986; Herreras et al. 1987; Herreras 1990; Leung et al. 2008) . We explore the spatiotemporal determinants of CA3-originated LFPs and EPs in anesthetized rats combining experimental and modeling techniques. To isolate the CA3-elicited LFPs in each region, we used an approach based on independent component analysis (ICA: Bell and Sejnowski 1995) that enables pathway-specific LFP generators to be separated from multisite recordings (Makarova et al. 2011; Glabska et al. 2014) .
We show that the same CA3 population produces large or negligible LFPs in different target regions and may display different frequency characteristics. The LFP power depends, nonintuitively, on the combination of geometry, strength of activation, volume conduction from nearby targets, relative timing of convergent inputs and concurrent inhibition. The latter also explains the discrepancy between spatial profiles of LFPs and EPs.
Materials and Methods

Experimental Procedures
All experiments were performed in accordance with EU (86/609/ EU) and Spanish (BOE 67/8509-12, 1988) regulations regarding the use of laboratory animals, and the experimental protocols were approved by the Research Committee of the Cajal Institute.
Adult female Sprague-Dawley rats were anesthetized with urethane (1.2 g/kg, i.p.) and placed in a stereotaxic device, and the surgical and stereotaxic procedures were performed as described previously (Herreras et al. 1988; Canals et al. 2005) . Concentric stimulating electrodes made with a 26G outer cannula and a 125-µm tungsten wire coated except 150 µm at the tip were placed bilaterally at homotopic sites in the soma layer of the CA3b region (AP: −2.9; L: ±2.6; V: 3.4 mm from bregma and cortical surface) to activate simultaneously the main CA3 targets (Fig. 1A ). Recordings were obtained with 2 linear multisite silicon probes (32 sites, 50 µm intersite distance: Neuronexus) either in homotopic sites of the left and right CA1 or in the left CA1 (AP: 4.5-5.5; L: ±2.6; V: 2-3.6 mm) and in the LS (AP: 0.4; L: 0.4, V: 3.8-5.4 mm). Hippocampal probes also spanned the CA3 or DG/CA3 regions. In some experiments, glass pipettes were also used. Linear probes were soaked in DiI before insertion (Molecular Probes, Invitrogen) to assess their placement in histological sections postmortem ( Supplementary Fig. 1 ). A silver chloride wire implanted under the skin of the neck served as a reference for recordings. Signals were amplified and acquired using MultiChannel System (Reutlingen) hardware and software at a 50 kHz sampling rate. To discriminate the ipsilateral from the contralateral CA3 contribution to CA1 LFPs, the CA3 was reversibly silenced in the left side by injecting microdrops (0.1-0.2 µL) of lidocaine through a 200-µm-wide silica cannula inserted in the cannula of the concentric stimulating electrode along with the inner wire. Microdrops were delivered through a 5-µL Hamilton syringe connected to the assembly through a plastic tube. The extension of the drug was monitored by the modulation of EPs elicited by the ipsi-and/or contralateral CA3, whose fibers pass above the injection site on their way from the fimbria to the CA1. Typically 1 or 2 injections were sufficient to ensure complete blockade of ipsilateral CA1 fEPSPs, which was stable for at least 10 min. In a subset of experiments requiring longer drug actions, successive microdrops were injected at 5-min intervals, resulting in reasonable stability as witnessed by the selective steady effect on ipsilateral CA1 fEPSPs.
In a subset of experiments, we used recording pipettes backfilled with a saline solution of the GABA A blocker Bicuculine (Bic; 1 m) to deliver microdrops locally near the linear probe in specific CA1 layers, guiding the placement by the characteristic evoked potential.
At the end of each experiment, the animals were perfused through the abdominal aorta with PBS containing heparin (0.1%) followed by paraformaldehyde (4%). Sagittal brain sections (100 µm) were then stained with bis-benzimide, and the electrode position was assessed by fluorescence microscopy ( Supplementary  Fig. 1 ).
Evoked Activity
Monosynaptic CA3-evoked responses were sought in all target regions ( Fig. 1A) by stimulating the left CA3b to obtain CA3-specific spatial profiles and to assess the relative amplitude of fEPSPs. These EPs have been used to identify the LFP generator corresponding to the CA3 input in different targets (Korovaichuk et al. 2010; Benito et al. 2014 ). CA1 fEPSPs evoked by stimulation of the ipsi-or contralateral CA3b regions (termed the Schaffer and Commissural pathways, respectively; CA1 Sch and CA1 Comm in Fig. 1B ) are well known (e.g., McNaughton and Miller 1986; Herreras 1990; Leung et al. 2008 ) and display characteristic field potential and current-source density (CSD) profiles (Supplementary Fig. 2 ). The EPs elicited in the LS from the fornix-fimbria have also been explored previously (e.g., DeFrance et al. 1973 ), yet less thoroughly when induced from the CA3 itself. Here, we found a more complex response than described earlier. Particularly, following weak stimuli (<150 µA) that already produced a sizable fEPSP in the CA1, the LS developed a negative complex, termed N 1-2 (fEPSP LS black trace in Fig. 1B ) that preceded a large positive wave P 1 , neither of which had been reported earlier. Such complex includes a slow (N 1 ) and a fast component (N 2 ), interpreted as a synaptic and spike component, respectively, since the latter was blocked by conditioning pulses and did not follow repetitive stimulation. The N 1-2 complex had a similar temporal but not spatial structure as another negative complex obtained with stronger stimuli, termed N 3-4 (gray trace in Fig. 1B and Supplementary Fig. 2 ), which apparently corresponds to the fimbria-fornix EP described previously by DeFrance et al. (1973) . This developed 100-150 µm more ventrally and extended over a larger dorso-ventral portion of the LS. It also had a seemingly shorter latency, and it largely overlapped the smaller N 1-2 response, the presence of which could only be discerned in CSD profiles (see below). Due to the lower threshold, we used the N 1-2 as a more genuine monosynaptic LS response to CA3 stimuli, although the N 3-4 may be also a monosynaptic response of a different population in the LS.
The duration of the fEPSPs in each target region was measured as indicated in Figure 1B by the horizontal intervals. The beginning of the corresponding sink in the CSD was used as the starting time, as it can be more clearly discerned from the baseline than that in the EPs. The fEPSP amplitude (vertical dashed lines) was estimated at the maximum negativity over the whole duration in the CA1 and after the N 2 spike component in the LS. Admittedly, the fEPSP measurements in the LS may be contaminated by the spike (N 2 ) and subsequent inhibitory wave (P 1 ). Thus, these values were mostly used as landmarks to identify the origin of the LFP components (see below).
Stimulus-response curves in the CA1 were obtained by stimulating the left CA3 (30-900 µA, 0.1 ms pulses delivered at 0.2 Hz) and recording bilaterally with 2 micropipettes placed in the stratum (st.) radiatum where the fEPSP attains near maximal amplitude for the ipsi-and contralateral inputs (typically 250-300 µm below the soma layer). The fEPSP was measured as the maximum rate of rise of its negative limb. Except when indicated, averages used 6-8 responses. Threshold intensity was considered that producing 50% measurable responses in the CA1 st. radiatum.
Computational Models
Ongoing LFPs were numerically simulated using realistic tridimensional aggregates of the CA1 and the LS regions in compartmental model cells with Hodgkin-Huxley dynamics. For the CA1, the morphology, electrotonic parameters, and subcellular distribution of active channels in the neuron were as reported earlier (Varona et al. 2000; Makarova et al. 2011; Martín-Vázquez et al. 2013) . Briefly, the pyramidal model neuron had average branching, total dendritic length, dendritic tapering, and variations in spine density observed in detailed morphometric studies (Bannister and Larkman 1995a,b; Trommald et al. 1995) . The model included 13 types of ion channels with an optimized subcellular distribution to simulate active somatodendritic properties (Ibarz et al. 2006) . Excitatory Glutamate receptors of the non-NMDA type (τ = 2 ms) were used to mimic the Schaffer and Commissural inputs. They were distributed within dendritic bands matching the anatomical synaptic territories (Laurberg 1979) , that is, both inputs fully overlapped in basal dendrites (50-250 µm from the soma) and they partially overlapped in the apical tree (150-250 and 200-400 µm from the soma for Commissural and Schaffer inputs, respectively). The density of synaptic conductance was set to replicate the relative density of axon terminals (Shinohara et al. 2012) . By default, we used 16.7 and 35.9 nS maximum conductance for the Commissural and Schaffer inputs, respectively, subthreshold for local dendritic spikes when distributed over a sufficiently large dendritic surface (Ibarz et al. 2006) , and a basal-to-apical conductance density ratio of 2:1 for the Commissural and 1:4.5 for the Schaffer inputs. To mimic the timing of ipsi-and contralateral CA3 inputs to the CA1, the 2 inputs were activated nearly synchronously by series of pair-wise Sch and Comm excitatory gamma waves with bilateral random jitter of <2 ms. The intensity of the individual waves varied, reproducing realistic gamma sequences (Fernández-Ruiz et al. 2012a ). The conductance densities, basal-to-apical ratio, bilateral gamma jitter, and the mean lag time were systematically varied in different simulations to check the interactions between different factors. Compartmental currents were estimated in a single CA1 pyramidal unit, and the activation of a block of tissue (1 × 1 × 0.8 mm) containing 16 966 units that form a palisade-like planar structure was then obtained by replicating the currents through a system of spatial coordinates (Makarova et al. 2011 In a subset of simulations, we evaluated the volume conduction from nearby co-activated CA3 regions to CA1 LFPs by including in the model a CA3-like structure made of two 1 × 1 × 0.8 mm planar blocks that jointly with that of CA1 form the characteristic C-shape configuration of the CA1-CA3 regions. CA3 pyramidal cells were tilted accordingly. For CA3, we used identical neuron prototypes as for the CA1 units since the estimation of distant field potential values is far more dependent on the location of the synaptic territory than the minor differences in CA3 and CA1 overall cytoarchitecture.
For the LS, we built a prototypic neuron adopting the interneuron morphology reported in anatomical studies (Alonso and Frotscher 1989; Jakab and Leranth 1990) . The model neuron consisted of 25 compartments distributed in a soma (14 µm diameter) and 4 main dendrites with a total surface of 2850 µm 2 . We did not implement active dendritic conductances due to the absence of specific data. In former model studies, we found that their contribution becomes only significant for moderate-tohigh input synchronization, which is stronger than that of the baseline activity employed here. The CA3 input was simulated by homogeneously scattering excitatory conductances throughout dendritic compartments, except the 25-µm segments closest to the soma. The conductance density was set at 0.06 nS/µm 2 , which was adjusted to obtain LFPs with a similar CA1/LS ratio as that found experimentally. We could not find detailed measurements of the 3D structure of the LS so by default we employed a total of 16 966 units scattered over a cubic volume of 1 × 1 × 1 mm to make it comparable with the CA1 model. Larger volumes that preserved cell density were also tested. We used a similar orientation for all neurons as described in Jakab and Leranth (1990) , and the 3D orientation of dendrites was set mildly axialized (see details in Supplementary Fig. 3 ).
In another group of simulations, we used an additional imaginary neuron prototype of intermediate morphological features that resembled a granule-cell like configuration, that is, only one polarized dendritic arbor. The unit had a total surface of 5221 µm 2 and was built with 26 compartments distributed in a soma (14 µm diameter) and 6 main dendrites globally fanning out distally by <90°. The number of units and their arrangement in the volume were as for the LS prototype. The transmembrane currents were calculated using the GEN-ESIS simulator (Bower and Beeman 1998) . The currents obtained were used to evaluate electric potentials created by point sources in R 3 assuming a constant conductivity of 0.33 S/m (López- Aguado et al. 2001) . To compare with experimental results, we estimated LFPs at 16 sites along a linear track placed in the middle of the block simulating recordings with a multisite probe. The volume-conducted contribution of CA3 recurrent currents to ipsilateral CA1 potentials was estimated by linear addition of the fields created by the CA3 population blocks on the recording track through the CA1 block.
Current Source Density and Independent Component Analyses
Spatial information on the location of the sources of current underlying EPs and LFPs was achieved by CSD analysis and ICA, respectively. The CSD (Freeman and Nicholson 1975; Rappelsberger et al. 1981) determines the magnitude and location of the net transmembrane currents generated by neuronal elements within a small region of tissue. It provides the spatiotemporal distribution of sinks and sources, that is, inward and outward currents, respectively. Assuming constant conductivity of the extracellular space σ, we have: CSD =− σΔu, where u(t,x,y,z) is the electric potential and Δ is the Laplace operator. Recording sites in multielectrode arrays are equidistant, which facilitates the estimation of the Laplacian. For linear probes with M recording sites (usually M = 16 or 32), we used the one-dimensional approach, which calculates the CSD from the voltage distribution along the cells axis (Herreras 1990 (Herreras 1990 ). This also reduces the spatial noise and therefore we used no spatial smoothing. The CSDs are presented as spatiotemporal displays (chronotopograms) using interpolation over the CSD matrix to generate the isolines marking the levels of current density, and the maximum values of relevant components were measured. The CSD does not discriminate contributions from different pathways. Accordingly, in this study, we evaluated CSD for EPs only, but not for ongoing LFPs, and we used an alternative ICA approach to retrieve pathway-specific LFPs. The ICA is a blind source separation technique routinely used to elucidate functional connectivity in multisite scalp EEG recordings or in fMRI (Makeig et al. 1997; Choi et al. 2005; Hutchison et al. 2010) . The application of spatial ICA to intracranial LFPs (Fig. 1C ) obtained with high-density multielectrode arrays ) enables a thorough study of the activity of neuron populations with subcellular precision in ordered structures (Korovaichuk et al. 2010) , though is also efficient in glomerular and complex regions . The approach assumes spatial immobility of the sources contributing to LFPs, which is fulfilled by subthreshold synaptic currents on account of the fixed location of the axon terminals. Recorded LFP signals u m (t) are modeled as the weighted sum of the activities of N neuronal sources or LFP generators:
V mn s n ðtÞ; m ¼ 1; 2; : : :; M;
where (V mn ) is the mixing matrix composed of the so-called voltage loadings or spatial weights of N LFP generators on M electrodes and s n (t) is the time course of the n-th LFP generator. Thus, the raw LFP observed at the m-th electrode tip is a linear mixture of the electrical activity of several independent LFP generators. Using u m (t), the ICA finds both (V mn ) and s n (t). The joint curve of spatial weights of an LFP generator (V wt in Fig. 1C ) reflects the instant depth profiles of proportional voltage among sites. Such curves can be compared with spatial distributions of standard EPs characteristic of each activated pathway. The time course of an LFP generator s n (t) can be considered as a postsynaptic temporal convolution of spike output in an afferent population (i.e., afferent spike trains), as shown previously for the CA3-CA1 pathway (Fernández-Ruiz et al. 2012a,b) . The EPs are selectively captured in the temporal envelope of an LFP generator with a matching spatial profile. This provides a means to identify the pathway and population of origin (Korovaichuk et al. 2010; Fernández-Ruiz et al. 2012a Benito et al. 2014) . The mathematical validation and practical limitations of this approach, as well as the possible sources of cross-contamination, have been thoroughly investigated using realistic modeling (Makarova et al. 2011 . Once extracted from the raw LFPs, each LFP generator can be analyzed independently by re-constructing virtual LFPs produced by this single generator, u n (t) = V n s n (t). Then, the CSD in principal cells due to the n-th LFP generator is given by I n = −σs n (t)ΔV n . The CSD obtained for a single generator can be compared with profiles obtained during specific activation of known pathways (Makarova et al. 2011) , which allows confirming that the source-sink distribution of pathway-specific LFPs matched that of EPs. Note that the application of CSD to virtual pathway-specific LFPs does not return spurious currents as the baseline can be experimentally retrieved even if only the AC part of LFPs is available (see Martín-Vázquez et al. 2013 ). This is made through an offset of virtual LFPs using the voltage weights of the corresponding ICA component, although it is not normally necessary for the Schaffer-LFPs when using low-frequency cut-off in the amplifier (0.1 Hz).
In this study, we employed the kernel density ICA algorithm (Chen 2006) , customarily implemented in Matlab. ICA performance may differ somewhat depending on the temporal structure of the LFPs and the degree of spatial overlap of the original sources. Usually few ICA components (4-7 out of 32, a maximum defined by the number of electrodes) exhibited significant variance and distinct spatial distributions (Korovaichuk et al. 2010; Benito et al. 2014 ). This permits further optimization by preprocessing LFPs before performing the ICA through dimension reduction using the principal component analysis (PCA), which efficiently diminishes the presence of noisy weak generators (Makarova et al. 2011) . The PCA also stabilizes and accelerates the subsequent convergence of the ICA . We routinely rejected noisy components with a total compound variance of <1% (i.e., always keeping 99% of the original LFP variance), unless their spatial and temporal accuracy can be ensured through other means. For example, priming LFPs with CA3-evoked activity (Korovaichuk et al. 2010 ) and/or selecting recording channels that maximize spatial differences of the sources of interest can improve the separation of weak components (Benito et al. 2014) .
The spatial stability of LFP generators within and across animals was estimated using cluster analysis of spatial curves as in Makarov et al. (2010) , whereas their landmarks (e.g., maxima or zero crossings) were matched to anatomical boundaries using electrophysiological correlates (unit firing at cell body layers and EP and CSD profiles) and histological verification (Benito et al. 2014) . Conveniently, each LFP generator has a single spatial profile independent of the duration of the epoch, and the momentary spatial distortions introduced by unbalanced tangential currents are effectively canceled by time averaging of myriads microscopic currents as if they all were synchronously activated (Makarova et al. 2011) . Thus, the curve of spatial weights for each LFP generator is accurate to the subcellular level in monolayered structures, whereas it is less relevant in glomerular structures like the LS where it reproduces the joint field distribution of the synaptically activated population .
The efficiency of ICA to accurately extract LFP generators depends on their relative contribution to the LFP signal (Makarova et al. 2011) . Therefore, when dealing with modeled LFPs, we first adjusted the variance of known LFP generators to realistic values (e.g., the Schaffer input ∼3-5% of the total variance [Korovaichuk et al. 2010] ; note that the relative variance can be increased by selecting a suitable subset of the recording sites [Benito et al. 2014] ). This was achieved by adding several fake channels to the model simulating recordings of LFPs with uncorrelated activity, thereby balancing the required amount of variance in targeted LFP generators. The efficiency of separating weak generators in model and experimental recordings was thus similar, which allowed some anatomical projections to be studied that apparently had no sizable contribution to LFPs.
Data Analysis Strategy
We analyzed only LFP epochs displaying large-amplitude irregular activity, that is, the "LIA" functional state exhibiting a broad frequency spectrum (0.5-25.0 Hz). Theta epochs were excluded except when indicated. We applied the ICA approach and separated LFPs produced by the CA3 input in all target regions. In cases of strong co-variation of 2 different pathways, such as the ipsi-and contralateral CA3 inputs, the ICA may return 1 LFP generator that contains a mixture of 2 components (Makarova et al. 2011) . To quantify the efficiency of the ICA in this case, we used model LFPs and evaluated the cross-correlation (CC) of an a priori known generator (obtained for a single input) and the ICAderived components from the mixture. Thus, the CC measured the temporal accuracy of the original and retrieved signals.
The time evolution of the power of an LFP generator (in mV 2 ) was calculated by:
where v(t) is the virtual LFP at the electrode with maximal power and Δ is the length of averaging. The overall mean power is then defined by setting Δ equal to the complete time interval (200 and 2 s for experimental and simulated LFPs, respectively). We estimated the periodogram power spectral density of the temporal activation of real and model LFP generators ( power spectra) and then computed the signal power in different frequency bands (in Hz): 0.5-13 (δ-θ), 13-10 (β), 30-50 (low-γ), 50-80 (high-γ), 80-110, and 110-130.
The CA3 sends excitatory gamma packages, and the postsynaptic gamma waves may differ somewhat in each target region according to the specific topology of the connections. In a subset of the experiments, we compared the amplitude of gamma waves in different structures, retrieving and quantifying the individual waves from the time activation s(t) of the corresponding (CA3) LFP generator as described elsewhere (Fernández-Ruiz et al. 2012a) . Briefly, the signal s(t) is processed by the continuous wavelet transform using the Haar wavelet as a template to detect short pulses in the signal. Analyzing the time course of the corresponding LFP generator in the wavelet space, we can identify separate gamma waves and find their amplitudes, durations and time instants (e.g., Martín-Vázquez et al. 2013) .
As we will see below, CA3-elicited input in some targets may be too small. Therefore, we used the timings of gamma waves detected in the CA1 to average spatial and temporal LFP profiles in other targets, thus revealing their spatial and temporal characteristics. Averages were typically built for epochs lasting at least 10 min (>3000 waves).
The spectral coherence of the activity of 2 model LFPs obtained from aggregates built with model neurons of different 
where {P ij (f )} is the matrix of cross-power spectral density. To determine the level of significance, we used the surrogate data test (Schreiber and Schmitz 2000) . Randomizing phase relations and keeping other first-order characteristics intact, we obtained surrogate time series from the original signals. For each experiment, we generated 1000 surrogates and we evaluated spectral coherence. The significance level (at α = 0.05) was then calculated for each frequency value and coherence above this level was considered statistically significant. We also evaluated the probability distribution histograms (PDHs) of the phase difference between time activations of 2 LFP generators Δφ(t) = φ 2 (t)−φ 1 (t), corresponding to different pathways. For proper estimation of the activation phase φ n (t), we used down sampling of s n (t) followed by band-pass filtering in the range 20-60 Hz (the CA3 activity evokes gamma waves: Fernández-Ruiz et al. 2012a). The signal obtained was passed through the Hilbert transform, yielding the phase Δφ n (t). Using Δφ(t), we calculated the phase-locked value (PLV) between generators ):
The PLV attains a value of 1 if, and only if, the signals are phase-locked (synchronized), whereas PLV → 0 if the signals are uncorrelated. To examine the statistical significance of the PDH and PLV, we adopted a surrogate data test. The surrogate time series were obtained from the original signals by randomizing the phase relationships and keeping the other first-order characteristics intact, identifying a 95% confidence interval from the surrogate distribution. For PDH, we used the Bonferroni correction to avoid the growth of false positives. If the PDH or PLV value exceeded the critical confidence limit, then we decided positively on the presence of phase coupling between LFP generators. In this case, the maximum PDH was also used to evaluate the phase lag between 2 LFP generators.
Results
In this study, we first set out to define the main features of CA3-originated EPs and ongoing LFP generators in each target region. Subsequently, we compared the EPs and LFP generators found, and we considered the relevant factors and mechanisms responsible for the differences observed. Since the anatomical and functional features of each target region dictate the methodology that can be applied, the results were presented comparing different structures only when possible.
Spontaneous Activity in CA3 Produces Strong or Vanishing LFPs in Different Targets
We assessed direct functional CA3 input to the CA1 in both hippocampal lobes by electrical activation of the CA3b, as well as that to the ipsilateral LS, using a stimulus intensity that remained subthreshold for the CA1, that is, it did not evoke population spikes (80-150 µA). The potentials evoked by the ipsi-and contralateral CA3 inputs to the CA1 were fEPSPs with a stereotypic spatial distribution and amplitude, and a negative fEPSP/spike complex termed N 1-2 in the LS (Fig. 1B and Materials and Methods). The onset latencies for the Schaffer, Commissural, and Septal responses were 2.8 ± 0.1, 7.1 ± 0.2 and 7.5 ± 0.4 ms, respectively (mean ± s.e.m.; n = 14, 9, 5 animals), and all 3 responses followed repetitive stimulation (5-10 Hz) and they were therefore considered to be monosynaptic. The Schaffer and Commissural fEPSPs lasted significantly longer than the N 1 LS response (Sch, 18.5 ± 0.6 ms [n = 14]; Comm, 14.6 ± 0.7 ms [n = 9]; N 1 , 10.8 ± 0.5 [n = 5]) according to a one-way analysis of variances of the 3 means. Similarly, pair-wise comparisons among them also showed statistically significant differences between all pairs (P < 0.001, Student t-Test ). At comparable intensities, the fEPSP amplitude was much higher in the CA1 relative to the LS. For instance, at the intensity just below threshold, the amplitude was 8.5 ± 0.4, 4.7 ± 0.4 and 0.15 ± 0.04 mV for the Schaffer, Commissural, and LS responses, respectively, a proportion of 57:31:1. However, the relative duration and amplitude of EPs are not reliable indices for the underlying synaptic currents. In particular, the excitatory current sink (sk1) of the LS response strongly overlaps with spike and di-synaptic currents (see Supplementary  Fig. 2 and below) . Notably, the presence of a large spike component (N 2 ) and a delayed presumably di-synaptic inhibition at low stimulus intensity indicates a much lower threshold of CA3-driven interneurons in the LS than that in CA1 pyramidal neurons.
In light of that mentioned above, we investigated the spontaneous activity by first estimating the mean power and spatial distribution of raw (multiorigin) LFPs in the CA1 and LS (CA3 recurrent LFPs are studied separately below). In an epoch of raw LFPs along the main neuron axis in the CA1, the power is strongly layer dependent, increasing steeply from 0.047 ± 0. . Thus, we get a maximum CA1-to-LS ratio of 20:1. However, multiple local and remote sources may cancel each other out in the resulting raw LFPs (Martín-Vázquez et al. 2013) . Thus, the contribution of a particular afferent population to different targets can only be safely estimated by isolating its specific activity. To assess this activity, we used an ICA-based disentanglement of pathway-specific contributions to LFPs (see Materials and Methods), an approach that yielded 2 significant LFP generators in the CA1 with a bell-shaped spatial distribution centered in the st. radiatum and L-M, respectively (V wt in Fig. 1C ). Different animals showed LFP generators with identical spatial distribution (Fig. 2A1 , V wt thin dashed curves aligned by the st. radiatum maxima, n = 13; their averages are shown in thick solid lines, mean ± s.e.m.). Earlier we identified these generators as the CA3 excitatory input (labeled Sch) and a mixed excitatory/ inhibitory component (labeled L-M) in the st. L-M (Benito et al. 2014) . Moreover, an additional weak component corresponding to perisomatic inhibition contributes residually to LFPs in the CA1 (not shown) and its isolation required additional data analysis. Surprisingly, we could never separate Schaffer and Commissural LFP components in a single animal and epoch. Therefore, the st. radiatum component (Fig. 2A1 , black) could in principle correspond to a mixture of both the ipsi-and contralateral CA3-CA1 pathways that have similar (but not identical) synaptic domains. Note that the spatial profile of the found pathway-specific LFPs shall match that of the EPs if the stimulated pathway has ongoing activity in the recorded period. To discriminate between a uni-or bilateral contribution, we compared the spatial profile of the components extracted from CA1 LFPs to those of the ipsi-and contralateral CA3-evoked fEPSPs. Accordingly, it became evident that the LFP component centered on the st. radiatum and the ipsilateral (Schaffer) evoked profiles were nearly identical (Fig. 2A1, A2 , black curves), whereas both clearly differed from the contralateral evoked fEPSP (Comm in Fig. 2A2 , gray curve). Such spatial correspondence suggested a dominant contribution by the ipsilateral CA3 pyramidal cells via Schaffer collaterals, whereas the absence of a separate Commissural input in LFPs is puzzling and was investigated further (see below).
In the LS, we found 2 strong LFP components that exhibit roughly linear distributions in all animals (Fig. 2B1 , black curves, n = 4). Such spatial configuration indicates a remote origin of the sources, and thus, they were labeled as LS rem1 and LS rem2 . Together, the extrinsic components accounted for 94-97% of the total LFP variance, leaving little margin for local contributions. In fact, we were only able to identify 2 additional LFP components, with <1% of variance, in some epochs that contained abundant sharp waves (SPWs) or CA3-evoked potentials ( primed LFPs). The spatial profiles of the new components matched the N 1 and P 1 waves of the CA3-evoked LS response (compare gray curves in Fig. 2B1, B2 ), confirming both their local origin and their negligible contribution to raw LFPs. Thus, the quantitative comparison of relatively weak and experimentally unstable CA3-LS LFPs with well-isolated CA3-CA1 LFPs requires assistance by modeling (see below).
ICA-separated LFP components preserve the same time resolution as the original signals (Stone et al. 2002; Makarova et al. 2011 ) and can thus be used to reveal detailed temporal features of some particular CA3-induced LFP events in different targets. Three types of CA3-originated events involving different degrees and modes of afferent synchronization were resolved (Fig. 3A , left 3 columns): i) evoked fEPSPs, ii) SPWs, and iii) baseline activity composed by uneven excitatory gamma waves (Fernández-Ruiz et al. 2012a; Benito et al. 2014) . For each type, the most prominent events were observed in the CA1. In the LS, the evoked fEPSPs and spontaneous SPWs were clearly visible in mono-(LS N1 ) and disynaptic (LS P1 ) LFP components, albeit much smaller than that in CA1 (note the different scales in Fig. 3A ). Gamma waves were apparently buried by the noise in the LS, although they could be retrieved by massive trace averaging using the time of initiation of the individual waves detected in the CA1 as a trigger (Fig. 3A , γ-Avg). One of the LFP components of remote origin in the LS (LS rem1 ) displayed irregular fast activity with epochs reminiscent of cortical slow oscillations, and the other (LS rem2 ) showed small amplitude theta upon tail pinch that matched activity in the L-M hippocampal generator and hence it is likely volume-conducted from that region (Fig. 3A, theta, arrow) . The CA1 L-M component exhibited slow but strong irregular activity, with interspersed bouts of gamma waves, and it was the only LFP component that displayed theta rhythm in the CA1 region. When the mean power of LFP components was estimated in reconstructed CA3-specific LFPs at the site of maximum amplitude (Fig. 3B) , the contribution of the CA3 to LFPs was seen to be ∼100 times stronger in the ipsilateral CA1 than that in the LS. For reference, the L-M component in CA1 was ∼3 times stronger (0.045 ± 0.009 vs. 0.014 ± 0.003 mV 2 , respectively), whereas the remote components in the LS had 2-7 times less power, although they were still dominant there.
Morphology and Arrangement of Neurons in Different Targets Explain LFP Scales
The data presented above indicated that the same CA3 input produces large LFPs in the ipsilateral CA1, whereas their amplitude is very small in the LS, a difference we set out to explore. Since the excitatory input pattern can be considered common to all target populations, the morphology and spatial organization of the target regions are the variables that most likely explain the difference in amplitude. These factors are difficult to assess experimentally but they can be tested using realistic modeling of multicellular aggregates (Makarova et al. 2011; Fernández-Ruiz et al. 2013) . Using abundant cytoarchitectonic data, we have developed and thoroughly tested a model of the CA1 (see, e.g., Martín-Vázquez et al. 2013) , and set a new model for the LS (see Materials and Methods) . In these models, we assessed pyramidal-like neurons for the CA1 and interneuron-like cells for the LS, arranging the cells in a palisade and scattered distribution for the CA1 and LS, respectively (Fig. 4A, B , left panels). To mimic the common drive through axon branches of CA3 pyramidal cells, both aggregates were The ICA components capture spontaneous as well as evoked activity in a pathway. Thus, only when the septal LFPs contained CA3-evoked activity did 2 additional weak components appear ("primed") with local maxima that have identical profiles to the N 1 and P 1 waves in CA3-EPs (2). Upon increasing stimulus intensity, additional components of the EP appeared that prompted a new ICA component with spatial distribution matching that of the N 3-4 wave. excited with identical excitatory gamma sequences obtained from real experiments prior to simulating CA3-induced LFPs in both aggregates (middle panels). The mean LFP amplitude in the CA1 was at least 26 times larger than that in the LS (Fig. 4C , arrows), consistent with the experimental observations. We tested how the LFP amplitude depends on the size of neural aggregates (Fig. 4C ). In the LS, the mean amplitude ranged from 3.5 to 30 µV for sizes from 1 to 7 mm 3 , values that as expected were far below the observed contributions of (remote) sources recorded in the LS. However, the CA1-to-LS amplitude ratio was proportional for aggregates of equivalent size and cell density.
To explore how much of the regional difference is due to neuron morphology or to the local spatial arrangement of the cells, we ran least-optimal simulations by transposing the cytoarchitectonic configurations, obtaining calculations from the CA1 model with scattered (though still aligned) pyramidal cells and from the LS model built as a single layer of aligned interneurons. Even in this case the scattered pyramidal cells still produced LFPs that were 9.4 times larger than those of the aligned LS interneurons (Fig. 4C, arrowheads) . Also, different spatial configurations of the dendrites in septal model units were explored (Supplementary Fig. 3 ) that yielded larger and smaller LFPs for maximally axialized and radial outlines, respectively (maximum power ratio was 7.6). Finally, since the 2 model cells preserve a certain axial morphology that is prone to LFP production, we checked an additional imaginary neuron model with a polarized morphology and intermediate dendritic surface (see Materials and Methods). When activated with identical inputs, the corresponding aggregate model produced LFPs of intermediate amplitude (dashed bars and green curve in Fig. 4C, D) , emphasizing the essential role of the target neurons' morphology. Overall, it comes out that the strong amplitude difference between CA1 and LS targets arises not only from the smaller net amount of current injected to the extracellular space by the smaller septal neurons but from the population's configuration. Thus, the layered arrangement of CA1 pyramidal cells promotes the clustering of currents of the same polarity hence the buildup of a strong macroscopic dipole (Fig. 4A, right panel) , whereas inward and outward currents injected by cell elements of disordered septal interneurons cancel each other (Fig. 4B, right panel) . A dynamic view of this effect can be better appreciated in Supplementary movies M1-M2 made for small cell aggregates.
It is worth mentioning that although both cell types were activated with identical input series made of excitatory gamma quanta of varying amplitude, the LFPs obtained in the CA1 and LS showed consistent temporal differences (Fig. 4E shows superimposed scaled traces of CA3-elicited model LFPs in the CA1 and LS). Notably, the duration and phase between CA1 and LS gamma waves varied in different targets according to the strength of the input. Thus, gamma waves elicited by small afferent quanta showed similar temporal features in CA1 and LS, whereas waves elicited by stronger quanta were shorter in the LS and they were out-phased. Such differences are explained by the different dynamics of intracellular depolarizing potentials that modulate amplitude and duration of transmembrane currents. The differences in individual gamma waves were also scaled up in the macroscopic spectral features of the LFPs. The smaller interneuron-like LS neurons shaped LFPs with higherfrequency content than CA1 LFPs (Fig. 4E, lower panels) . This effect introduces notable distortion when estimating the spectral coherence between the LFPs in both target regions. The extent and frequency band showing discrepant coherence was largely dependent on the input parameters. We did not explore this issue parametrically (a sample spectrum is shown in Fig. 4F for an epoch with mean input frequency of 40 Hz that displays reduced coherence in the high-gamma frequency band). Globally, these results indicate that different spatiotemporal summation of synaptic currents by morpho-electrotonic differences of target neurons strongly modulated micro-and macroscopic LFP features.
Temporary Inactivation of the Contralateral CA3 does not Reveal a Commissural Contribution to CA1 LFPs
Although both Schaffer and Commissural axon collaterals contact similar dendritic domains of the same neurons, it was not clear why the contralateral CA3 input to CA1 is not present in LFPs. Thus, to assess the possible Commissural contribution, we compared the CA3-related component obtained from CA1 LFPs in the left and right hippocampus after temporary inactivation of the CA3 in the left side through the local injection of the anesthetic lidocaine (Fig. 5A) . In these studies, by recording at homotopic sites, we optimized the density of the interhippocampal connections (Finnerty and Jefferys 1993) . The effect of lidocaine injection on the EPs elicited by stimulation of each side was studied (Fig. 5B) , and we observed the selective depression of evoked responses elicited from the left CA3, the side of drug injection (CA3 L -CA1 L and CA3 L -CA1 R , gray traces). Note that the CA3 R -CA1 R response shows negligible variation (i.e., no effect of the contralateral suppression). We also monitored the amplitude of CA3 R -CA1 L to ensure that there was no diffusion of the drug into the CA1 that would affect the transmission in Schaffer collaterals (arrowhead in Fig. 5B ; population data in Fig. 5E ). The LFP amplitude in the left CA1 decreased immediately upon microinjection of lidocaine into the ipsilateral CA3 L , whereas LFPs in the contralateral side remained intact (Fig. 5C, Inj 1) . Even large (0.4-0.6 µL) or multiple injections that completely abolished LFPs in the left CA1 ( possibly by drug expansion, since L-M components were also depressed) were ineffective in reducing LFPs in the right CA1 (Inj 2). Control injections of equivalent volume of saline did not noticeably modify the CA1 LFPs on either side (n = 3 animals). Since the mean amplitude of raw LFPs is not necessarily related to the contribution of any of the coactivated pathways in isolation, due to intracellular mixing and/or extracellular contributions by remote sources (e.g., the LS), we also quantified the mean variance of the ICA-isolated LFP components. The power of the left and right LFP components was assessed ( Fig. 5D ; insets show examples of activation exhibiting gamma waves). Again, only the ipsilateral component was dampened by lidocaine injection (0.27 ± 0.02 vs. 0.93 ± 0.1 mV 2 ; P < 0.01, Student t-Test; see Fig. 5E for a summary of the population data [n = 5 animals]). These observations support the hypothesis (see also Fig. 2A and the corresponding section) that most of the variance in the CA1 st. radiatum ICA component can be explained by the ipsilateral CA3 pathway alone, whereas contralateral input plays only a minor role in LFP generation.
Afferent Synchronization: Spontaneous CA3-Originated Excitatory Gamma Events are Only Visible in the Ipsilateral CA1
The ipsi-and contralateral CA3 inputs converge on pyramidal cells of each CA1. Although the ongoing contralateral contribution is hardly appreciable in CA1 LFPs, it may exert an essential excitatory contribution to individual neurons. Conveniently, its time course can be obtained from the ipsilateral contribution in the other side. Thus, we explored whether spontaneous CA3-CA1 individual excitatory gamma waves composing the Schaffer LFP generator (interpreted as spontaneous micro-field-EPSPs: Fernández-Ruíz et al. 2012a) were synchronized in both hippocampi using 2 linear probes situated at homotopic sites of the CA1 (see a representative example of CA3-originated gamma waves in the left and right CA1 in Fig. 6A ). Most waves occur synchronously on both sides, referred to as paired or bilateral waves, although a sizable fraction of events were unilateral (Fig. 6A, arrows) . We identified 5.5 ± 1% and 11.7 ± 2.4% of unilateral events in the left and right CA1, respectively (n = 5 animals), and these unilateral events were 32% (left) and 35% (right) smaller than the bilateral ones. The greater size of the bilateral (synchronous) waves may be due to a surplus reciprocal contribution from the contralateral CA3, but it may also be caused by a reduced excitatory drive to CA3 pyramidal cells in both sides that remained subthreshold (no output to CA1) in 1 CA3. Thus, we explored this issue further by comparing spontaneous CA3-CA1 gamma waves to exogenously activated CA3 fEPSPs obtained with low stimulus intensities.
If we consider fEPSPs evoked with minimal intensity (Fig. 6A,  triangles) , the amplitude and shape are close to the characteristics of spontaneous gamma waves except that they appear in the ipsi-but not the contralateral side and thus, we can consider them similar to spontaneous unilateral events. By spanning stimulus intensities, we found a range in which contralateral evoked fEPSPs were undetectable whereas the ipsilateral evoked fEPSPs already had amplitude comparable to the spontaneous gamma waves (Fig. 6B) . Above this range, contralateral evoked fEPSPs appeared, although at all stimulus intensities, they were smaller than the ipsilateral events (Fig. 6C shows the complete I/O curves). The threshold to obtain measurable contralateral responses was 10.8 ± 1.6 µA higher than the ipsilateral one (n = 8: Fig. 6D ). These data indicate that the activation of a reduced artificial cluster of CA3 pyramidal cells (those near the stimulating electrode) provokes visible LFPs in the ipsilateral but not in the contralateral homotopic CA1 region. Only when the cluster becomes artificially larger were contralateral LFP gamma waves evident. This suggests that bilateral CA3 synchronization occurs naturally, probably due to mutual bilateral driving of CA3 assemblies, which is then transmitted to the CA1 in the form of paired gamma waves. Thus, unilateral gamma events may correspond to occasional subthreshold driving of CA3 pyramidal cells.
Dominant Contribution of CA1 Apical Dendrites to LFPs Fades Contralateral and Favors Ipsilateral CA3 Inputs
An intriguing experimental observation was that both spontaneous and evoked LFPs elicited by the CA3 in the CA1 produce negative potentials in the apical but not in the basal dendrites, even though CA3 axon collaterals terminate on both of them. We explored this issue using the model as it may bear relevance for the spatial matching of LFPs to their sources when contributed by highly synchronous inputs with an extensive overlap of synaptic domains.
We first studied a realistic configuration of the synaptic contacts in basal and apical distributions as reported in anatomical studies (Shinohara et al. 2012) . To model the ipsi-and contralateral CA3 inputs, we used a nearly synchronous bilateral excitation with 45-Hz mean frequency through series of excitatory packages each of uneven amplitude that was randomly assigned in the sequence (Fig. 6A) . The relative strength and spatial extent of the synaptic domains is depicted in Figure 7A (rectangles), and the apical-to-basal excitation ratio was set to 4.5:1 and 1:2 for the ipsi-and the contralateral inputs, respectively.
When the ipsilateral input was considered alone, LFPs were produced with a bipolar spatial profile that presented a large negative hump in the st. radiatum and reversed to a positive potential below the cell body layer and through the basal dendrites (Fig. 7A, blue curve) . This occurred despite the fact that selective activation of the st. oriens fibers produced a local negative potential (dashed blue curve). Accordingly, the contralateral input alone rendered LFPs with an all-negative distribution along the cell axis, and with 2 minima in the basal and apical dendrites (Fig. 7A, red curve) . We then tested different configurations of the contralateral input and found that the observed bipolar distribution is quite stable, remaining qualitatively intact for a large range of total input strength and apical-to-basal relative densities. Modifying the spatial orientation of basal dendrites from the standard fan-like configuration to a parallel all-vertical arrangement neither produced significant change of the spatial profile. Despite receiving half the density of excitatory currents of basal dendrites, the apical dendrites generate stronger LFPs and thus, the predominant contribution of apical dendrites is explained by their more axialized structure and the higher density of excitatory currents in the apical shaft. Such dominance also prompted the 3-fold increase in LFP size for the ipsi-rather than the contralateral input.
We then ran simulations by combining both inputs, which still rendered a bipolar joint spatial LFP profile strikingly similar to that produced by the ipsilateral input alone (Fig. 7A , black curve). This agrees with experimental observations of the predominant ipsilateral CA3 contribution to CA1 st. radiatum LFPs (see Fig. 2A ). However, it does not explain why the contralateral EPs are not all-negative in experiments. Neither explains the reduced positivity in the somato-basal band, often negligible in the small amplitude raw gamma waves centered in the st. radiatum of CA1. These 2 features are investigated below.
In addition, we tested the ICA efficacy for disentanglement of combinations of rhythmic synaptic sources with extensive spatiotemporal overlap, an extreme case where the algorithms may render poor results (Makarova et al. 2011) . We ran multiple simulations to obtain model LFPs using a variable relative density of synaptic conductance (0.5:1 to 2:1, basal-to-apical ratio) and delays between the inputs (from 0 to 10 ms). We assayed the ICA on the model LFPs using a realistic total variance of the Schaffer and Commissural LFPs set at 4% and 1%, respectively (see Materials and Methods). Globally, the results (Supplementary Fig. 4) can be summarized as follows: the separation and temporal fidelity of the ICA-retrieved sources depended on the absolute and relative variance contributed by each pathway, and on their temporal dissimilarity ( phase difference and phase jitter favors efficacy). When the temporal accuracy (measured in terms of CC, see Materials and Methods) of extracted components for a progressively growing delay between ipsi-and contralateral inputs was measured the ipsi-and contralateral sources cannot be separated for delays shorter than 2 ms. However, the apical dominance and its important impact on the Schaffer rather than the Commissural configurations led to a quite robust CC between the original and the ICA-retrieved Schaffer inputs. In contrast, the Commissural input was less reliable and may even remain buried or disintegrated into noisy components.
From these results, we infer that even if a synchronous contralateral CA3 input might have gone undisclosed by the ICA, the dominance of apical currents on LFP production favors the occlusion of the weaker contralateral input and hence, the st. radiatum LFP component in CA1 can be safely taken as an ipsilateral CA3 (Schaffer) readout.
Volume-Conducted Currents from Concurrent Gamma Waves in Nearby Regions Modify Local Profiles
Thus far, we have used CA1-only model aggregates to reproduce the LFPs generated by the local currents upon input from the ipsi-and contralateral CA3 populations. We next examined the contribution to CA1 potentials of the volume-conducted currents originated in the ipsilateral CA3 itself during recurrent excitation. Recurrent excitation in CA3 and ipsilateral excitation of CA1 are expected to arise from the same parent axons.
On that purpose, we designed a simplified CA3 structure including 2 perpendicular 1-mm blocks contiguous with the CA1 block ( Fig. 7B ; see Materials and Methods). Recurrent CA3 activation was simulated by excitatory input to CA3 apical dendrites (drown in red) using identical time pattern of gamma excitations as for the Schaffer input to CA1. The volume-conducted LFPs were estimated on the recording track of the CA1 (black dots). The absolute voltage value produced by recurrent CA3 currents on CA1 is depicted as spatial curves in Figure 7B (green traces). The spatially tilted dipoles generated by the 2 CA3 blocks entered only negative potentials all over the CA1 recording track. When local CA1 currents were added to CA3-originated ones the joint spatial profile of CA1 potentials suffered significant qualitative changes (Fig. 7B, lower panels) . Most notably, the polarity reversal of the CA3-CA1 local dipole shifted toward the cell body layer (asterisk) and the basal positivity was strongly reduced, globally adopting a dominant negative profile centered on apical dendrites as in experiments. Also, the net amplitude increased in the sites that were already negative before addition of volume currents.
These results indicate strong mutual effect of concurrent oscillations in nearby regions that may alter important landmarks employed on the cellular interpretation of LFP oscillations, such as the site of polarity reversal and the negative/ positive ratio in different sites. Note that the volume contributions should barely affect the estimation of sinks and sources by CSD as the spatial gradients in the CA1 LFPs remain virtually the same.
Co-Activation of Somatic Inhibition Contributes Differentially to Spontaneous and Evoked ipsi-and Contralateral CA1 Potentials
Besides principal cells, CA3 axons also excite interneurons in the CA1, which in turn act on pyramidal cells (Buzsàki and Eidelberg 1982b; Zemankovics et al. 2013 ). Thus, co-activated feed-forward inhibition may influence spatial profiles of the standard Schaffer and Commissural EPs. Ipsi-and contralateral fEPSPs were elicited by activation of the CA3 in one side at an intensity that was threshold for the later and we noticed that all Schaffer potentials (Fig. 8A , blue traces) typically had little variability. In contrast, the Commissural responses that were highly unstable in the st. radiatum at low intensity (Fig. 8A , red traces) yielded consistent positive potentials with a sharp rising phase in the simultaneously recorded cell body layer (Fig. 8A, black traces) . These somatic potentials were delayed by ∼2 ms relative to the apical ones and may be completely detached from each other (compare subplots 6 and 7). Similar observations were made in all 8 animals tested bilaterally. Thus, apical and basal responses obtained near the threshold do not belong to the same dipole and involve different neuronal mechanisms. The most notable changes are a shift in the polarity reversal site (asterisk), the dampening of the strong somato-basal positive potential (arrow), and absolute increase in already negative sites.
To test this inference further, we progressively increased the stimulus intensity and for each value calculated the spatial profiles of the EPs (Fig. 8B) . By normalizing the spatial curves, we found an homogeneous spatial profile for ipsi-but not for contralateral inputs that presented dissimilar growth in the somatobasal and apical bands ( Supplementary Fig. 5 ). Such results were qualitatively identical in all animals tested (n = 5), although the negative/positive apical/basal ratio varied considerably in different experiments (from 1:1 to 5:1). Since basal and apical excitations are expected to grow proportionally to stimulus intensity, the distinct behavior of the somato-basal band also suggests an independent mechanism with different dynamics, such as a contribution by somatic inhibition.
We verified this hypothesis by using a CSD analysis and layerspecific delivery of microdrops of GABA A blockers Bicuculine (1 m) or Gabazine (0.15 m) through a recording pipette located near the linear probe, immediately above the st. pyramidale (basal side). The 2 drugs had qualitatively similar effects (Gabazine results are shown in Supplementary Fig. 6 ). The profiles of ipsi-and contralateral EPs before and after Bicuculine injection clearly show that, the GABA A blocker selectively reduced the somatic positivity for both the Schaffer and Commissural responses without affecting other parts of the potential profiles (Fig. 8C, left panel, V prof ) . The spatial selectivity of changes in current sources and sinks induced by somato-basal GABA blockade indicated that the main reduction in the CSD occurs at the location of active currents (Fig. 8C, sc1 ) in the st. pyramidale (marked by the parallel dashed lines) and to a lesser extent in the surrounding basal and apical bands (sk1 and sk2). On average, the somatic source decreased by 55% and 66% for the Schaffer and Commissural responses (n = 4 animals; P < 0.01 and P < 0.001, respectively; Student t-test; Fig. 8E , pooled data for each source and sink in upper plot). Somewhat surprisingly there was a nearly complete disappearance of the basal sink sk1 (Fig. 8C , asterisk in site of its absence), which was only present in the Commissural response in the controls. Thus, this basal sink is mainly contributed by passive inward currents driven by somatic inhibition rather than by direct basal excitation. Note the shift and extension of the remaining source toward the basal tree, indicating the reach of capacitive currents from apical excitation upon withdrawal of the concurrent inhibitory somatic shunt.
Similar findings were obtained for the spontaneous activity. We detected gamma events in the Schaffer LFP generator (see Materials and Methods) and averaged these events (over 8000 gamma waves). When the spatial structure of a typical gamma wave and its CSD was analyzed before (black traces) and after (green traces) Bicuculine injection, a small discrepancy can be appreciated in the somato-basal region (Fig 8D) . Furthermore, a significant reduction of the somatic source (by 28%) was found in the corresponding CSDs ( pooled data in Fig. 8E , lower plot; P < 0.05; n = 3).
These observations indicate that different degrees of coactivated inhibition modulate the Schaffer and Commissural evoked profiles distinctly, equalizing them to the spontaneous ipsilateral CA3-CA1 LFPs.
Recurrent CA3-CA3 Input Also Produces LFPs
Let us now consider the recurrent CA3-CA3 excitation. In a representative spatial profile of the Schaffer component of LFPs obtained by ICA from a recording spanning both the CA1 and CA3 (Fig. 9A, left panel, black curve) , a main hump is evident in the CA1 (corresponding to the CA3-CA1 Schaffer input) and a smaller one in the st. radiatum of the CA3 subfield (blue arrow). Since both humps appear in the same LFP generator, we may assume strong synchronization between the LFP activities in the ipsilateral CA1 and CA3 originated by spikes in the same CA3. Nevertheless, the group of cells forming the afferent assembly may differ for each of the targets, due to the distinct regional topology, and hence, the detailed temporal structure of the individual gamma waves in the 2 subfields may differ. To explore this possibility, we adopted a different strategy. Since there is no spatial overlap between synaptic terminals in this situation (target cells/regions are different, not as for Sch and Comm inputs to the same CA1 pyramidal cells [ Fig. 7] ), we can select a group of recording sites spanning either the CA3 or the CA1 subfields only (split analysis, right panels) rather than applying an ICA across all the LFPs (Fig. 9A, left panel) . In this way, we increase the relative variance of local sources on each subfield, and hence, the temporal accuracy. The LFP components obtained in this way had a similar spatial profile as the corresponding section when analyzed jointly: black and blue curves in upper and lower plots, termed Sch and CA3 e generators, respectively. An additional significant component, termed CA3 i , is routinely found that presented a maximum in the st. pyramidale (Fig. 9A,  purple) , and it has been previously identified as an inhibitory somatic input (Benito et al. 2014) .
The mean power of the reconstructed pathway-specific CA3 e component (at the site of maximum amplitude) was 0.033 ± 0.08 mV 2 (about half the CA1 Schaffer component; n = 4 animals: Fig. 9B ), whereas the CA3 i produced 0.006 ± 0.003 mV 2 . We noticed that the CA3 e spatial component was typically mounted on a wider base (blue shaded area in Fig. 9A ), at least in part due to remote CA1 Sch LFPs, and hence we corrected the local values by removing the excess variance to 0.009 ± 0.003 mV 2 (i.e., ∼9 times smaller; Makarov et al. 2010) . The CC between temporal activation (Fig. 9C ) reflected significant differences (0.4 ± 0.06 between Sch and CA3 e and −0.46 ± 0.08 between Sch and CA3 i ; epochs lasting 730-1000 seconds in 4 different animals and excluding theta periods) and such a relatively low correlation was in part due to the divergence of the temporal course of gamma waves. In a sample epoch in which voltage fluctuations and the corresponding CSD profiles were reconstructed, the CA3 e clearly exhibits dendritic sink/source pairs that tightly match the CA1 Sch sinks, whereas the CA3 i component returned strong somatic sources and preceded (Fig. 9D) . We built PDHs for the phase shift in order to study the phase coupling between different components (Fig. 9E , see a representative experiment in the upper histograms).
Both the Sch-CA3 e and Sch-CA3 i histograms suggest statistically significant phase coupling between components, albeit with a different phase lag. This was estimated by the PLV between pairs of components (middle histogram, pooled data for n = 4 animals), which was statistically significant in all cases and slightly higher for the Sch-CA3 i pair. We found practically zero phase lag (6.7°± 1.7°) from the Sch to the CA3 e component, as opposed to 113.4°± 10.2°to the CA3 i (Fig. 9E, lower histogram) . Note that the CA3 i component is not strictly a monosynaptic CA3 response but it is overtly coupled with the CA3 e component, probably reflecting the interplay of local excitatory and inhibitory pathways on intrinsic gamma generation in this region. If we assess the averages exhibited by all LFP components using the timings of isolated gamma waves in CA1 extracted by the Haar wavelet transform method (Fig. 9F, upper plots, the characteristics of the individual gamma waves are shown in the lower plots with data pooled from n = 4 animals; see Materials and Methods), the mean amplitude of corrected CA3 e waves was 48 ± 13 µV (i.e., ∼3-4 times smaller than Sch waves). In contrast, the mean duration of these waves was 18.2 ± 0.7 ms, compared with 20.7 ± 0.7 ms and 15.8 ± 0.9 ms for the Sch and the CA3 i waves, respectively.
Discussion
In previous studies, we gathered empirical evidence supporting an essential role of cytoarchitectonic factors on the amplitude and polarity of LFPs, with a particular focus on the anatomical pathways connecting afferent and target populations. By studying the LFPs produced by a single origin population on their multiple targets, here we have reported how additional functional factors such as the timing of synaptic currents, volume conduction from nearby targets, and interaction with co-activated inhibition combine to structural ones and produce significant target-specific modulations. Besides the amplitude and polarity, these affect other key parameters such as the frequency characteristics or the site for polarity reversal, which are necessary for a correct interpretation of the cellular basis of LFPs and their use on functional studies. As a case in point we show that the spontaneous output of CA3 pyramidal assemblies raise strong oscillatory gamma LFPs in the ipsilateral CA1 through Schaffer collaterals, as well as in the CA3 itself through recurrent connections, although their synchronization is not complete. This, probably, occurs due to the distinct topology and differential summation of excitatory currents in individual target neurons of different morphoelectric structure. However, no sizable LFPs are generated in the LS and in the contralateral CA1 targets. Overall, the strong modulation of 1LFPs produced by input from a common population of origin demands careful consideration of geometric and functional factors in target populations, for which pathway contribution and precise spatial profiles are needed.
Electrophysiological studies of cognitive and behavioral processes have established functional connectivity among different neuron assemblies that shape the information flow through convergent and divergent pathways underlying brain function. A remarkable example is the bilateral CA3 region of the hippocampus, which plays the role of a network hub (Le Duigou et al. 2014 ). Its output is transmitted to a number of regions, apparently on a cell cluster basis (Fernández-Ruiz et al. 2012a ), through axon collaterals of the same parent neurons (Swanson et al. 1981 ) that constitute the structural basis for divergence and parallel circuits. The functional properties of this and other middle scale networks can be assessed by correlating LFPs recorded from different regions. However, raw LFPs are typically contaminated and even dominated by remote sources, whereas the dynamics of local sources may contribute little to the signals recorded, as shown here for the LS. General biophysical arguments anticipate a significant difference in LFPs produced by the very same input in different target populations, but the mechanisms are varied and have to be studied in each particular case.
Identification of CA3-Specific LFPs
While the biophysical basis of LFPs has been well described (Elul 1971; Nunez and Srinivasan 2006) , their practical use has been rather limited due to the practical difficulties to recover pathway-specific synaptic currents from mixed LFPs. Recently, the disentanglement of LFPs into pathway-specific components by ICA has proven efficient in different structures and species (Benito et al. 2014; Makarova et al. 2014) . This permitted us to extract the CA3-originated LFPs from different targets.
We easily identified the CA3 contribution to the ipsilateral CA1 and to the CA3 itself, in agreement with previous studies. The Schaffer input to the CA1 produces the strongest LFPs and in the CA3, local axon branches of pyramidal neurons also evoke strong LFPs, albeit of a lower amplitude. The localization of underlying currents in the CA3 st. radiatum suggests the recurrent nature of this input (Le Duigou et al. 2014 ) since the contralateral CA3-CA3 projection terminates in the basal dendritic tree (Blackstad 1956 ).
When dealing with the LS, it was soon clear that the CA3 contribution was not significant since nearly all the LFP power accumulated in 2 remote sources with possible origin in the cortex and hippocampus. Thus, raw LFPs in the LS contain little information about the CA3 input. By no means is this indicative of a poor or inefficient CA3 input but, rather that the spatial factors for LFP production are inappropriate. In fact, the LS neurons fire efficiently upon CA3 input as the smallest fEPSPs in the CA1 produce spike and even di-synaptic currents in septal EPs. Also, very small SPWs known to originate through CA3 synchronous firing could be appreciated.
Spatial Factors Scaling LFPs
Due to the extremely low contribution of CA3 to LFPs in the contralateral CA1 and in the LS, it was necessary to use computational models to explore the factors responsible. Though significant effort has been devoted to study the temporal patterns that maximize population activity (Pauluis et al. 1999; Ho et al. 2012) , parametric studies of temporal input only cannot be used directly unless realistic units and populations with 3D definition are implemented in order to allow extracellular currents to add or subtract (Makarova et al. 2011 ). Since we used identical input to CA1 and LS models, as expected from a common origin population, the results can be interpreted in postsynaptic terms (geometry and other local factors). Indeed, spatial factors are those that limit LFP amplitude and polarity. No matter how strong or synchronous an input is, it will not produce sizable EPs and LFPs unless the target cell's morphology and spatial arrangement, and the input configuration, are suitable to achieve net charge separation in the extracellular space. The small cell size in the LS in comparison with pyramidal neurons already decreases the amount of the net current injected to the extracellular space. The partially radial dendritic structure promotes closed electric field with limited spatial extent. Finally, scattered arrangement of LS cells in the volume precludes proper addition the mean amplitude and duration of gamma waves across animals: *P < 0.01; **P < 0.005; ***P < 0.001 (Student t-Test ; n = 4 animals).
of electric fields: inward and outward currents of different nearby cells effectively cancel each other. These factors strongly limit the LFP amplitude of local sources in the LS.
The missing contralateral CA3 contribution may appear unexpected. The near complete synchrony and the heavy overlap of synaptic domains with the ipsilateral input raise the possibility of a mixed bilateral contribution. Had the 2 inputs been less synchronous, their disclosure by the ICA may have been possible, as suggested by the model. However, the presence of unilateral gamma waves (i.e., waves that appear either in the left or right CA1 alone), the discrepancy between the LFP and EP spatial profiles, and the inactivation experiments point to a small amount of additional net current produced by the contralateral input. Although anatomical data point to the CA1 basal tree as the preferred site at which contralateral CA3 axons terminate, the more abundant ipsilateral contacts with higher density in the LFPfavorable apical tree (Shinohara et al. 2012 ) may be sufficient to mask the weaker contralateral contribution. The model also indicates that apical dominance for LFP production is based on the much higher dipolar moment of synapses in the apical shaft compared with lateral branches (see Supplementary movie M1). Indeed, the addition of basal input does not significantly modify the apical dipole when both dendritic trees are naturally activated from CA3 in either side. Conveniently, the time course of the contralateral input is still precisely defined by the ipsilateral CA3-CA1 input in the other hemisphere.
Notably, we find no basal current sinks for CA1 spontaneous gamma waves or ipsilateral EPs at low intensity, despite the fact that ipsilateral axons also terminate there. Different EP profiles are expected from the varying septo-temporal apical to basal ratio of axon collaterals that originate in different sectors of the CA3 (Ishizuka et al. 1990; Li et al. 1994; Roth and Leung 1995; Leung and Péloquin 2010 ). Yet, additional factors must concur to explain the different spatial behavior of evoked and spontaneous activities. For instance, a short-latency basal sink is only observed upon selective ipsilateral basal or contralateral stimulation that has been thought to reflect basal excitation (Buzsàki and Eidelberg 1982a; Kaibara and Leung 1993; this paper) . However, at least in the latter case, the EP is also contributed by and active somatic source. This is supported by several lines of evidence, 1) the independent behavior of somatic and apical potentials in individual trials, 2) the different dynamics of basal and somatic ipsi-and contralateral potentials upon increasing intensity, and 3) the disappearance of the contralateral sink/source basal pair following GABA-A blockade. Noticeably, the concurrence of excitatory and inhibitory currents modifies the intracellular spread of the former (Liu 2004; Willadt et al. 2013) . Since there are multiple layer-specific inhibitory microcircuits (Somogyi and Klausberger 2005) , one may expect their dynamic interaction with excitatory inputs to differ when these are mildly activated as during natural gamma waves, or when they become abnormally synchronous (e.g., EPs), hence the potential and current profiles too. In addition, sustained (DC) spatial gradients of potential are present through hippocampal layers in vivo that are state dependent (Gloor et al. 1963; Brankačk et al. 1993) . Such synaptic envelopes go unnoticed in standard AC-coupled recordings (Martín-Vázquez et al. 2013 ) and therefore not considered in present models, which may also explain minor spatial differences.
Volume Conduction from Nearby Concurrent Waves Deeply Influences LFP Parameters
The extraction of pathway-specific LFPs through the ICA allows the gathering of spatial curves of voltage weight that facilitate the anatomical matching (Benito et al. 2014) and their identification as local or remote from the curved or quasilinear distribution, respectively. In cases when 2 nearby generators have highly correlated activity such as the ipsilateral Schaffer and recurrent CA3 generators, they appear as one, albeit the separated CA1 and CA3 synaptic territories create multimodal spatial distributions in CA1/CA3 combined recording tracks. We unveiled subtle differences in the respective temporal activations of these 2 CA3 targets by separate analysis of recordings in the 2 regions. Even more relevant we show that the far fields of each still contaminate one another and may alter significantly local parameters.
For instance, while the Schaffer generator displays a dominant negative distribution through the apical CA1 reversing to a mild positivity in the cell body layer, the theoretical estimations for this generator always give a rather balanced negative/positive dipole reversing ∼100 µm below. Such discrepancy is explained by the absence of volume conduction in the first set of CA1-only models, since the addition of the CA3 adjacent structures and the negative far fields raised by them to the local CA1 recordings of the Schaffer generator led to a tight fit of model and experimental profiles. The amplitude, the site of polarity reversal, and the positive/negative ratio are all modified. Such rectification only concerns to multiple sources with concurrent gamma waves and tight phase coupling. However, the multiple sources of gamma activity in the hippocampus with independent activity Fernandez-Ruiz et al. 2012a Schomburg et al. 2014 ) display epochs with variable phase coupling between them. This makes necessary to consider volume conduction as a possible confounding factor in the identification of gamma generators and their dynamical relations. It may also apply to neocortical gamma oscillators (Sirota et al. 2008 ), although to our knowledge reliable techniques for spatial discrimination as the ICA have not been employed so far in this structure and the claimed independence of different oscillations requires re-assessment for pathway-specificity. gamma waves were apparently noise-buried with extremely low amplitude but were uncovered by massive averaging using the CA1 waves as reference.
Importantly, the different size and morphology of target cells also has an impact on the intracellular summation of inputs, which translates into modified frequency characteristics of the ensemble LFP in different targets. This may constitute a confounding factor when using phase and coherence as correlates of functional connectivity between different structures (Florian et al. 1998) . Coherent LFP oscillations have been interpreted as a reflection of long-distance synchronization and as a binding feature in object perception (Roelfsema et al. 1997; Rodriguez et al. 1999) . So far, these oscillations have not been investigated using spatial discrimination techniques that reveal their single or multiple synaptic origins. As an example, the gamma waves in the CA3 region were found to be a composite of recurrent excitatory and feed-forward inhibitory waves, and their correct relations to other events (spikes or other oscillations) require reliable separation using spatial discrimination.
Concluding Remarks
Only a few years ago, hippocampal gamma oscillations were considered fundamentally inhibitory on the basis of concurrent phase firing of inhibitory neurons in the CA3 and CA1 regions, with the former driving the latter through gamma-paced output of CA3 pyramidal cells (Mann and Paulsen 2007) . The disentanglement of pathway-specific contributions to hippocampal LFPs showed that all synaptic pathways contributing to hippocampal LFPs convey some gamma oscillations albeit with independent dynamics ). Distinct laminar coherence also supported multiple synaptic origins of gamma oscillations (Scheffer-Teixeira et al. 2012) . Some of these are patently excitatory in nature such as the CA3-CA1 here studied, or those from entorhinal cortices to the DG (Fernández-Ruiz et al. 2012a Benito et al. 2014; Schomburg et al. 2014) . The emergent viewpoint is that while local inhibitory networks appear better suited to set the pace for network oscillations, LFP oscillations may be either excitatory or inhibitory. Therefore, the population of origin should be unequivocally identified. Since the polarity of synaptic currents does not determine the dominant polarity of LFPs (e.g., Fernández-Ruiz et al. 2013) , it is becoming increasingly evident that accurate extraction and identification of pathwayspecific oscillations is necessary to avoid spurious correlations. The present work sets up the relevance of some functional factors that combine with structural ones that should all be taken into account when attempting to discern the spatiotemporal code and mechanisms of information processing through LFPs.
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